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Abstract: Automatic tuning of the parameters of PID - regulators is proposed by means of a modified experiment
that takes into account the influence of elements and circuits in the form of additive uncertainty. The use of a multiply
connected control scheme with two degrees of freedom for decoupling is proposed in order to facilitate the implementation
of a mechanism for combating the phenomenon of integral saturation. Equations are derived for the transition from a circuit
with one degree of freedom to a circuit with two degrees of freedom for the general and special cases of a two-dimensional
system, which makes it possible to apply well-known methods of tuning PID controllers with a decoupling matrix in such a
way as to take into account the residual influence between the circuits when switching to a circuit with two degrees of
freedom.
Key words: system analysis, structural-parametric analysis, PID-controller, control system with two degrees of
freedom.
Аннотация: Адаптив ноаниқлик кўринишидаги элемент ва схемаларнинг таъсирларини ҳисобга оладиган
модификацияланган тажрибани бажариш орқали ПИД-ростлагич параметрларининг автоматик созланиши
таклиф этилган. Интеграл тўйиниш ходисаси билан курашиш механизмини амалга оширишни осонлаштириш учун
эркинликнинг икки даражасига эга кўп алоқали бошқариш схемасидан фойдаланиш таклиф этилган. Икки ўлчамли
тизимнинг умумий ва айрим холатлари учун эркинликнинг бир даражасига эга схемалардан эркинликнинг икки
даражасига эга схемаларга ўтиш тенгламалари келтириб чиқарилган, бу ўз навбатида эркинликнинг икки
даражасига эга схемаларга ўтишдаги контурлар ўртасидаги қолдиқ таъсирини ҳисобга олиш учун ажратиш
матрицасига эга ПИД-ростлагичларни созлашнинг маълум бўлган усулларини қўллаш имконини беради.
Таянч сўзлар: тизимли таҳлил, структуравий-параметрик синтез, ПИД-ростлагич, эркинликнинг икки
даражасига эга бошқариш тизими.
Аннотация: Предложена автоматическая настройка параметров ПИД – регуляторов посредством
выполнения модифицированного эксперимента, учитывающего влияние элементов и схем в виде аддитивной
неопределённости. Предложена использование схемы многосвязного управления с двумя степенями свободы для
развязки, чтобы облегчить реализацию механизма борьбы с явлением интегрального насыщения. Выведены
уравнения перехода от схемы с одной степенью свободы к схеме с двумя степенями свободы для общего и частного
случаев двумерной системы, что позволяет применять известные методы настройки ПИД – регуляторов с
матрицей развязки таким образом, чтобы учесть остаточное влияние между контурами при переходе к схеме с
двумя степенями свободы.
Ключевые слова: системный анализ, структурно-параметрический анализ, ПИД –регулятор, система
управления с двумя степенями свободы.

Introduction
In automation and control systems for technological processes and manufacturing, proportional
- integral differential controllers continue to be the most extensively employed. The topic of simple
implementation of algorithms for automatic adjustment of regulators using programmable logic
controllers (PLC) is of particular importance in this scenario. Operators should be able to apply and
understand these methods with ease. The task of developing and implementing methods for automatic
regulator parameter tuning, which allow the PLC to easily implement automatic and additional accurate
manual regulator parameter tuning, is still relevant today [1].
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The following classes of synthesis can be identified based on the unique approach to the synthesis
of PID controllers for control systems with numerous inputs and outputs:
- detuning and sequential loop closure methods;
- iterative approaches;
- relay methods;
- methods based on the effective open loop transfer function;
- crossover strategies and best practices [4,5,6].
The configuration methods are the most user-friendly. Essentially, these are one-dimensional
(SISO) approaches, whose parameters can change depending on the size of the control object,
necessitating a search for a compromise between closed-loop system stability and control process
quality. When the system's integrity isn't guaranteed, this strategy produces results. It's difficult to
quantify the quality's resilience, but a substantial tuning factor usually results in a reduction in the
influence of other circuits. The usage of controllers is limited due to the requirement for object stability,
especially for objects with significant cross-connections between the circuits [2,3].
Control with two degrees of freedom
The bad quality of the processes in the presence of a strong effect between the circuits of a
multidimensional object is one of the primary shortcomings of the methods for computing the tuning
parameters of regulators. It is recommended to utilize the control system architecture with two degrees
of freedom, as shown in Fig. 1, to eliminate these effects and increase the quality of the closed-loop
system.

Fig. 1. Diagram of a control system with two degrees of freedom.

All transmission matrices are formed with the help of the control unit k. An engineer can shape
the output response of the system to external signals in a variety of ways and for a variety of frequency
ranges using the two filters Fr and Fy: reference, sensor noise or interference at the input and output, as
well as the reaction to the control action.
One of the benefits shown in fig. 1 of the circuit is the ease with which the technique for
preventing integral saturation may be implemented. The compensation matrix is situated after the control
unit in the typical decoupling system. For each individual error signal, the control signal is calculated as
the sum of the weighted replies of each PID controller. This makes developing strategies to combat
integrated saturation challenging. It is feasible to construct different mechanisms for each controller by
transferring the decoupling matrix from the object input to the feedback line following the reference
signal [7].
Let's have a look at the matrices Fr and Fy. Let Fr and Fy be two transfer matrices with the structure
given in Fig. 2.

Fig. 2. Structure of the transmission matrices Fr and Fy.
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The Fd transfer matrix is a full matrix that splits the signal entering the F input. The diagonal
transfer matrix Fp is utilized to generate the output signal F's desired frequency or temporal response.
The filter design issue F can be divided into two subproblems using this structure.
In a multidimensional control system:
𝐺𝐾𝐹𝑟 = 𝐺𝐾𝐹𝑦 = 𝐿,
(1)
transfer matrix 𝐿 has the following structure:
𝐿 = 𝑑𝑖𝑎g{𝑙𝑖𝑖 },
(2)
This means that locating the regulator necessitates prior knowledge of it. By equating the pre-post
compensation equations, we can eliminate this problem:
𝐺𝐾𝐹𝑦 = 𝐺𝐷𝐾,
𝐹𝑦 = (𝐺𝐾)−1 𝐺𝐷𝐾,
(3)
𝐹𝑦 = 𝐾 −1 𝐺 −1 𝐺𝐷𝐾
𝐹𝑦 = 𝐾 −1 𝐷𝐾.
This enables the creation of PID controllers using the typical decoupling approach, while also
taking into consideration interconnections and assuring the closed system's stability.
Using statement (3), we can now look at the block diagram of the two-degree-of-freedom control
system depicted in Fig. 1. Finally, using the two-stage circuit's capabilities, additional changes of the
two filters Fr and Fy can be made to improve the closed-loop system's transient processes or boost the
system's reliability [8, 11].

Fig. 3. Closed loop control with no reference signal.

To analyze stability using a structured number, the block diagram in fig. 3 can be represented as
a loop M - (Fig. 4).

Fig. 4. Circuit M – Δ.

It is the reciprocal of the smallest structured Δ (measured in units of 𝜎̅(Δ), which makes the M Δ circuit in Fig. 4 unstable:
1
𝜇Δ (𝑀) = 𝑚𝑖𝑛{𝑘 |det(𝐼−𝑘 𝑀Δ)=0,𝜎̅(Δ)≤1}
(4)
𝑚

𝑚

when 𝑘𝑚 = 0, the matrix 𝐼 − 𝑘𝑚 𝑀Δ is not unit, hence the proposition to find 𝜇Δ (𝑀).
Starting from km=0, the value gradually increases until condition (4) is satisfied. The 1/k m value
is a structured singular value. In a similar way, it is proposed to find an estimate for the characteristic
point µΔ (M) using one of the properties of a structured singular number:
𝜇∆ (𝛼𝑀) = |𝛼 |𝜇∆ (𝑀),
(5)
where α is a scalar of a real or complex function. As a result, you can determine how much the value
(M) needs to be increased or decreased to precisely satisfy the equality:
det(𝐼 − 𝑀∆) = 0
(6)
It is proposed to replace relay elements with amplification factors km by n- the same number of
relay elements (Fig. 5).
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Fig.5. Alternative structure for finding a structured singular number.

If we assume that the filter Fy has the construction depicted in Fig. 1 and that the filter Fd is chosen to
disconnect the circuit, the filter Fp should be as follows:
𝐹𝑝 = 𝑑𝑖𝑎𝑔{𝑓𝑝 }, 𝑓𝑝 =

(𝑇𝑓𝑝 𝑠+1)

, 𝑇𝑓𝑝 = 1/𝜔𝑢 .

𝑇𝑓𝑝
𝑠+1)
10÷100

(

(7)

As a result, the value of the structured singular number at a given frequency falls, resulting in a
rise in the stability margin.
Let's have a look at the different models. The object's dynamics are expected to be known in
the form of a first-order model. The decoupling matrix is calculated based on this concept [9]. Three
PID controllers are synthesized, the parameters of which are given in Table 1.
Table 1
PID controller parameters
𝐾𝑢[−]

𝑇𝑢[𝑠]

𝐾𝑝[−]

𝑇𝑖[𝑠]

𝑇𝑑[𝑠]

𝑏[−]

circuit 1

24.3531

220.1079

7.9215

156.5498

36.5884

0.5531

circuit 2

26.2919

220.1079

8.5622

157.3236

36.6578

0.5548

circuit 3

23.3105

100.4182

7.5769

71.208

16.673

0.5521

The decoupling matrices for control circuits with two degrees of freedom are computed using the
obtained controllers. Figure 6 shows the results of calculating the structured open-loop singular number.
𝜔𝑢 = 0,0706𝑟𝑎𝑑/s was calculated as a frequency estimate. Let's start with a frequency response as a
feedback correction (7).
𝐹𝑝 = 𝑑𝑖𝑎g{𝑓𝑝𝑖 }, 𝑓𝑝𝑖 =

1
𝑠+1)
00.7
1
( 𝑠+1)
15

(

.

(8)

After introducing the correction, we define the structured singular number again. The frequency
response is shown in Figure 6.

Fig. 6. Structured singular value.

Fig. 7. Structured singular value after correction.
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The maximum has decreased, while the numbers on the right side have increased by
approximately 1 rad/s. There is a rearrangement of frequencies. With 50 realizations of experiments,
simulation of two closed-loop systems is accomplished with restricting control signals within 10% and
input multiplicative uncertainty. The results of control quality indicators in the analyzed circuits are
shown in Table 2 [10].
Table. 2
Regulatory quality indicators

circuit 1 - two degrees of freedom
circuit 2 - two degrees of freedom
circuit 3 - two degrees of freedom
circuit 1 - one degree of freedom
circuit 2 - one degree of freedom
circuit 3 - one degree of freedom

𝑇𝑟[𝑠]

𝑇𝑠𝑠[𝑠]

𝜎[%]

ISEU

258.97
262.85
212.76
204.03
206.59
251.34

697.9
621.5
331.87
730.77
690.62
461.93

4.57
2.9
1.1
5.41
3.87
1.34

569.95
464.1
580.89
603.2
530.48
627.1

Fig 8. Output signal for primary circuit - standard
circuit.

Fig 9. Primary control signal - standard circuit.

Fig 10. Output signal of the first circuit - two degrees
of control freedom.

Fig. 11. Control action in the first circuit - two degrees
of freedom.

Fig. 12. Output signal in the second control loop - standard
diagram.
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Fig 13. Control action in the second loop - standard
ontrol scheme.
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Fig. 14. Output signal in the second loop - two degrees of
freedom.

Fig. 16. Output signal of the third control loop standard diagram.

Fig. 15. Control signal in the second circuit - two
stages of freedom.

Fig.17. Second control loop control signal standard diagram.

Conclusion
The best behavior of a system with two degrees of freedom and additional correction in the
feedback loop is observed from the results of time domain investigations. When the reference in the third
loop is changed, an additional control action is done, which is generated by the third loop in order to
preclude a major over-regulation and, respectively, to limit the mutual influence in the first and second
loops.
This is how the best behavior is expressed. First, it offers more consistent qualities and traits. In
several simulations, the output signal transients are compressed considerably. Furthermore, oscillations
are not detected in some implementations of the second and third control loops that follow the usual
approach. Control signals are in the same boat.
With the exception of the third circuit's reaction to the others, the reciprocal impact between the
circuits is expressed in smaller amplitudes. This is owing to the fact that the third output is less inertial
and more balanced in the system circuit with two degrees of freedom than in the conventional circuit.
Finally, we can see how the combined control circuit with saturation operates ineffectively. Due
to the lack of a control signal in transient processes on a task in the standard circuit, a reaction is reversed
in direction at initial moment.
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